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Evaporative Heat Transfer
Analysis of a Heat Pipe
With Hybrid Axial Groove
Through the application of thin film evaporation theory and the fundamental operating
principles of heat pipes, a hybrid axial groove has been developed that can greatly
enhance the performance characteristics of conventional heat pipes. This hybrid axial
groove is composed of a V-shaped channel connected with a circular channel through a
very narrow longitudinal slot. During the operation, the V-shaped channel can provide
high capillary pressure to drive the fluid flow and still maintain a large evaporative heat
transfer coefficient. The large circular channel serves as the main path for the condensate
return from the condenser to the evaporator and results in a very low flow resistance.
The combination of a high evaporative heat transfer coefficient and a low flow resistance
results in considerable enhancement in the heat transport capability of conventional heat
pipes. In the present work, a detailed mathematical model for the evaporative heat trans-
fer of a single groove has been established based on the conservation principles for mass,
momentum and energy, and the modeling results quantitatively verify that this particular
configuration has an enhanced evaporative heat transfer performance compared with
that of conventional rectangular groove, due to the considerable reduction in the liquid
film thickness and a corresponding increase in the evaporative heat transfer area in both
the evaporating liquid film region and the meniscus region. [DOI: 10.1115/1.4022996]
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1 Introduction
A heat pipe is a highly effective and efficient two-phase heat
transfer device which utilizes the evaporation and condensation of
a working fluid to transfer heat. Capillary forces developed in the
capillary structure circulate the working fluid back to the high
temperature regions so that no external power is required [1,2].
Since the first use of the term “heat pipe” by Grover and his
colleagues at Los Alamos National Laboratories in 1964 and the
publication of their initial results that reported on an independent
investigation, heat pipes have attracted the interest of researchers
and engineers worldwide, and big progress has been made in the
structural improvement, mathematical modeling and engineering
applications of these devices [3–6].
Heat pipes have been applied in a wide variety of fields such as
spacecraft thermal control, high power-density electronic equip-
ment cooling, industrial waste heat recovery, solar water heating,
medical treatment and therapy, and chemical reactors [7–11].
A heat pipe typically consists of a sealed container lined with
the capillary structure. The device is then charged with an
appropriate amount of working fluid that is compatible with the
materials of both the wick and the casing [3]. The capillary wick-
ing structure is one of the most important design parameters used
to optimize the operational performance, because it provides the
capillary forces necessary to circulate the working fluid and return
the liquid to the evaporator. To date, there exists three basic types
of capillary structures: axial grooves, mesh screens, and sintered
powders. Among these capillary structures, heat pipes with axial
grooves have been widely used in many applications especially in
spacecraft thermal control system, due to the advantages related
to the ease of fabrication, high manufacture repeatability, and
reliable operation. During the past two decades, heat pipes with
different axial groove geometries have been proposed and investi-
gated, including heat pipes with rectangular grooves, triangular
grooves, and trapezoidal grooves. However, the heat transport
capability of heat pipes with these traditional groove geometries is
relatively small, that is because in order to enhance the maximum
capillary pressure by decreasing the open width of the axial
groove, the return liquid flow resistance will also increase even at
a faster speed, and the heat transport capability will be limited
especially when the heat transport distance is large.
In order to enhance the heat transport capability of heat pipes
with axial grooves, several hybrid groove geometries have been
proposed, as briefly presented below. Heat pipe with axial mono-
groove contains two axial channels: one for the vapor flow and
the other for the liquid flow, as shown in Fig. 1. The narrow slot
linking the two channels serves the purpose of creating a high cap-
illary pressure. The vapor channel contains circumferential
grooves for distributing the liquid flowing through the slot. The
Fig. 1 Cross-sectional structure of monogroove [22]
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two channel design provides a considerable separation between
the liquid and vapor flows, and for the most part, eliminates the
countercurrent flow limiting operation. Moreover, the liquid vis-
cous pressure drop is minimal because the liquid flows through a
channel with a much larger cross-sectional area compared with
that of traditional groove geometries. The circumferential grooves
in the vapor channel not only provide an effective liquid distribu-
tion but also maximize the heat transfer area for the evaporation
of liquid in the evaporator section [3,5,12–18]. At present, among
all the groove geometries, heat pipe with axial monogroove
has the largest heat transport capability with high heat transfer
coefficient. However, the major issue for heat pipe with axial
monogroove is that its antigravity capability is very weak, and
when the evaporator is slightly higher than the condenser, the heat
pipe would fail to operate, which considerably hinders its terres-
trial applications. Another disadvantage of the monogroove heat
pipe is related to the narrow slot width, which is necessary for a
high capillary pumping pressure within the slot. This causes the
liquid fill amount inside the liquid channel to be so critical that a
small decrease in liquid fill may result in a significant decrease in
the capillary pumping pressure and, hence, a significant decrease
in the maximum heat transport capacity. Heat pipe with axial
“X”-shaped groove has been introduced as an attractive option for
a wide variety of advanced electronic devices, such as in the
spacecraft thermal control system and microelectronic cooling
system, due to the high efficiency heat transfer capability, stable
operation under microgravity conditions and the high degree of
temperature uniformity [18–20]. As an optimum choice of high
capacity heat pipe with axial grooves in the frame provided by the
European Space Agency [21], heat pipe with axial “X”-shaped
grooves combines a high capillary pumping pressure with a low
axial pressure drop in the return liquid, whose cross-sectional
structure is shown in Fig. 2. Meanwhile, the retardation of the
liquid flow due to the countercurrent vapor flow over the liquid/
vapor interface is minimized as compared to traditional axial
groove designs. In addition, entrainment limit is enhanced due to
longer wet perimeter of wick groove and narrower slot width.
However, compared with rectangular, triangular and trapezoidal
groove designs, the radial thermal resistance of “X”-shaped
groove becomes larger and the boiling limit might be weakened
due to an increase in the wall thickness of the heat pipe. In addi-
tion, the evaporative heat transfer coefficient for the “X”-shaped
groove still has a relatively large promotion potential due to the
large liquid film thickness especially in the meniscus region.
Based on the thin film evaporation theory, when a heated plate
is rewetted by a liquid, the liquid will be adsorbed along the sur-
face forward [22–24]. If the groove structure is used, the thin liq-
uid film and meniscus will form on the groove wall [25–28],
which can be divided into three regions [29–32]: absorbed equilib-
rium region, evaporating liquid film region and meniscus region.
In the absorbed equilibrium region, the pressure difference
between the vapor and liquid phases are so large that no evapora-
tion occurs; while in the meniscus region, the pressure difference
between the vapor and liquid phases remains almost constant, and
the evaporative heat transfer coefficient is mainly dependent on
the liquid film thickness, i.e., the smaller the liquid film thickness,
the larger the evaporative heat transfer coefficient. In the evapo-
rating liquid film region, the evaporative heat transfer coefficient
depends on the combined effects of pressure difference across the
liquid/vapor interface and the liquid film thickness. Although the
average evaporative heat transfer coefficient in the evaporating
liquid film region is far larger than that in the meniscus region
[33,34], because the heat transfer area in the meniscus region is
far larger than that in the evaporating liquid film region, the heat
transfer rate in the meniscus region is generally larger than that in
the evaporating liquid film region. Considering this fact, heat pipe
with hybrid axial groove is proposed in this paper, as presented
below. In this paper, we mainly focus on the evaporative heat
transfer enhancement for this hybrid axial groove, and detailed
mathematical model for the evaporative heat transfer of a single
groove is established. The modeling results show that this hybrid
axial groove has a much higher evaporative heat transfer coeffi-
cient compared with that of conventional rectangular groove due
to the considerable reduction of liquid film thickness in both the
evaporating liquid film region and the meniscus region, and heat
pipe with this hybrid axial groove will have an extensive applica-
tion prospect.
2 Structure of Hybrid Axial Groove
Figure 3 delineates the detailed structure of the proposed hybrid
axial groove, which consists of a V-shaped channel connected
with a circular channel through a very narrow longitudinal slot.
During the operation, the V-shaped channel provides a very high
capillary pumping pressure to drive the fluid flow while maintain-
ing a large evaporative heat transfer coefficient; and the circular
channel serves as the main path for the condensate at the con-
denser to return to the evaporator with a much lower flow resist-
ance, which contributes to considerable enhancement of the heat
transport capability of the heat pipe.
Fig. 2 Cross-sectional structure of “X”-shaped groove [22] Fig. 3 Cross-sectional structure of the hybrid axial groove
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3 Mathematical Modeling
3.1 Absorbed Equilibrium Region. At the liquid/vapor
interface, the evaporating mass flux can be expressed by Eq. (1),
which was developed by Schonberg and Wayner [35]
_me ¼ aðTd  TvÞ þ bðPl  PvÞ (1)
where a and b are only dependent on the thermophysical proper-





















where r̂ is the accommodation coefficient taken to be 1.0.
The pressure difference between the liquid and vapor phases
across the interface can be expressed by the Young–Laplace
equation
Pv  Pl ¼ Pc (4)
where







In the absorbed equilibrium region, the pressure difference
between the vapor and liquid phases is so large that no evapora-
tion occurs. In this region, the capillary pressure can be obtained
by setting the evaporating mass flux equal to zero and the temper-
ature at the liquid/vapor interface equal to the wall temperature,





3.2 Evaporating Liquid Film Region
3.2.1 Heat Transfer Analysis. In the evaporating liquid film
region, heat is first transferred from the wall to the liquid/vapor
interface through conduction across the liquid film; then, it is
absorbed by the evaporation of the liquid at the liquid/vapor inter-
face. Based on energy conservation, the evaporative heat flux is
equal to the heat flux through conduction
qe ¼ qcond (7)
where





The temperature at the liquid/vapor interface can be obtained
by substituting Eqs. (1), (8), and (9) into Eq. (7)
Td ¼ aTv þ
klTw
dhfg






The evaporative heat transfer coefficient in the evaporating






Pressure drop in the liquid zone. Figure 4 shows the schematic
of the fluid flow and the coordinate system applied in the evapo-
rating liquid film region. As the mass flow rate of the liquid in the
evaporating liquid film region is usually very small as well as the
liquid film thickness is rather small, the fluid flow in the liquid
zone is typically in the laminar state. The governing equation of







Applying the following boundary conditions:




































The mass flow rate per unit length in the liquid zone can be

















Pressure drop in the vapor zone. Based on the momentum con-












The interaction between the liquid and vapor phases includes
both frictional shear stress sf due to different velocities in the liq-
uid and vapor phases and momentum-transfer shear stress smt due
to the liquid evaporation, as shown in the following equation:
Fig. 4 Coordinate system of the evaporating liquid film region
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fqv uv  ul y¼d
 	2 (20)
In Eq. (20), “þ” is applied when the average velocity of the
vapor phase is greater than that of liquid at the liquid/vapor inter-
face; otherwise “” is applied
smt ¼ _mv uv  ul y¼d
 	 (21)












Based on the mass conservation, the variation of the mass flow













The sum of the mass flow rate per unit length in the liquid zone
















Meanwhile, the pressure difference between the liquid and
vapor phases across the liquid/vapor interface is dominated by the
capillary pressure, and it should always satisfy Eq. (4).
3.3 Meniscus Region. In the meniscus region, because the
liquid film thickness is relatively large, the pressure drops in the
liquid zone and in the vapor zone are very small compared to
the pressure difference between the liquid and vapor phases, and
the pressure difference between the liquid and vapor phases across
the liquid/vapor interface can be assumed to be constant, under
this condition, the meniscus curvature can also be assumed to be
constant under a fixed pressure difference between the liquid and
vapor phases across the liquid/vapor interface, which can be
expressed as




Rectangular groove. Figure 5 shows the coordinate system
applied in the meniscus region of the rectangular groove, assum-
ing that the meniscus curvature radius is constant until the liquid/
vapor interface reaches the wall for computational convenience.
At a given meniscus curvature radius corresponding to a certain
pressure difference between the liquid and vapor phases, for tradi-
tional rectangular groove, the variation of the liquid film thickness












x0  x  x1 (26)
where x0 corresponds to a value when the liquid film thickness is
equal to d0, at which thickness the pressure drop in the liquid zone
can be generally neglected, and x0 can be expressed as
x0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi









while x1 corresponds to a value when the liquid film thickness
reaches its maximum value of w/2, and it can be expressed as
x1 ¼ rme 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi




Hybrid groove. Figure 6 shows the coordinate system applied
in the meniscus region of the hybrid groove. At a given meniscus
curvature radius corresponding to a certain pressure difference
between the liquid and vapor phases, for the hybrid groove, the
variation of the liquid film thickness in the meniscus region can














r2me  rme sin
p
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x0  x  x1 (29)
where x0 corresponds to a value when the liquid film thickness is
equal to d0, and x0 can be expressed as
x0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi











while x1 corresponds to a value when the liquid film thickness





























The liquid/vapor interface temperature in the meniscus region
for both the rectangular groove and the hybrid groove can be
expressed as Eq. (10) and the evaporative heat transfer coefficient
in the meniscus region for both the rectangular groove and the
hybrid groove can be expressed as
Fig. 5 Coordinate system of the meniscus region for rectangu-
lar groove
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he ¼
kl Tw  Tdð Þ
d Tw  Tvð Þ
(33)
and the total heat transfer rate in the meniscus region per unit








kl Tw  Tdð Þ
d
dx (34)
4 Solution of the Model
Table 1 shows the structural parameters of both the rectangular
groove and the hybrid groove proposed in this paper, and ammo-
nia is selected as the working fluid whose thermophysical proper-
ties are very good for ambient temperature range applications. In
the model of both the rectangular groove and the hybrid groove,
the wall temperature and the saturated vapor temperature are set
as 303.5 K and 303.0 K, respectively, and the curvature radius rme
in the meniscus region is set as 0.3 mm.
In the model, d0 is set as 1.0 107 m, i.e., when the liquid
film thickness is larger than that value, the pressure drop in the
liquid phase is so small that it will not cause obvious variation of
the curvature of the liquid/vapor interface. Because the pressure
drop in the liquid phase can be ignored in the meniscus region, the
heat transfer characteristics in the meniscus region can be easily
obtained. However, for the evaporating liquid film region, it
becomes more difficult. The boundary conditions for the evaporat-
ing liquid film region for both the rectangular groove and the
hybrid groove are as follows:
Pvjx¼0 ¼ PsatðTvÞ (35)







































The mass flow rate of the liquid per unit length at x¼ 0, i.e.,
_ml=Lð Þjx¼0, is unknown, in the solution process, an appropriate
initial value must be set to it, to guarantee that at a certain value
of x (x¼ x1), _mejx¼x1 ¼ 0 and _ml=Lð Þjx¼x1 ¼ 0 can be satisfied
simultaneously. In this paper, iterative method is used to deter-






















Fig. 6 Coordinate system of the meniscus region for the hybrid groove
Table 1 Structural parameters of the rectangular groove and
the hybrid groove
Groove type Items Dimensions
Rectangular groove Width (w)/mm 0.30
Depth (h)/mm 0.60
Hybrid groove Width (w)/mm 0.30
Slot width (ws)/mm 0.10
Depth (h)/mm 0.60
Diameter of circular channel (d)/mm 0.50
Tilt angle of V-shaped channel (a) p/4 Fig. 7 Variation of liquid film thickness and interface tempera-
ture in evaporating liquid film region for rectangular groove
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Note that, Eq. (41) can guarantee the proper selection of the ini-
tial value of the mass flow rate of the liquid per unit length at
x¼ 0 with sufficiently high precision for theoretical analysis. For
numerical solution of the mathematical model established in this
paper, grid independency has been tested to obtain grid-
independent results.
5 Modeling Results and Analysis
5.1 Heat Transfer Characteristics in the Evaporating
Liquid Film Region. Figures 7 and 8 show the variations of liq-
uid film thickness, liquid/vapor interface temperature, heat flux at
the liquid/vapor interface and evaporative heat transfer coefficient
in the evaporating liquid film region, respectively, for the rectan-
gular groove, and Figs. 9 and 10 show the variations of liquid film
Fig. 8 Variation of heat flux and heat transfer coefficient in
evaporating liquid film region for rectangular groove
Fig. 9 Variation of liquid film thickness and interface tempera-
ture in evaporating liquid film region for hybrid groove
Fig. 10 Variation of heat flux and heat transfer coefficient in
evaporating liquid film region for hybrid groove
Fig. 11 Variation of liquid film thickness in meniscus region
Fig. 12 Variation of liquid/vapor interface temperature in me-
niscus region
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thickness, liquid/vapor interface temperature, heat flux at the
liquid/vapor interface, and evaporative heat transfer coefficient in
the evaporating liquid film region, respectively, for the hybrid
groove.
Comparing Fig. 7 with Fig. 9, the liquid film thickness in the
evaporating liquid film region for the hybrid groove drops more
slowly than that for the rectangular groove, at the same time, the
liquid/vapor interface temperature in the evaporating liquid film
region for the hybrid groove rises more slowly than that for the
rectangular groove, which results in a considerable increase of the
evaporative heat transfer area in the evaporating liquid film region
for the hybrid groove compared with that of rectangular groove,
i.e., the evaporative heat transfer distance in the evaporating liquid
film region for the rectangular groove is less than 6.0 108 m,
whereas it exceeds 35.0 108 m for the hybrid groove.
Comparing Fig. 8 with Fig. 10, the heat flux at the liquid/vapor
interface and the evaporative heat transfer coefficient in the
evaporating liquid film region for both the hybrid groove and the
rectangular groove show similar trends, and they both initially rise
very slowly, then rise very fast and reach a very large peak value,
after that they drop sharply to zero. The peak value of the heat
flux at the liquid/vapor interface for the rectangular groove
exceeds 3000 W  cm2, which is much larger than that for the
hybrid groove, i.e., approximately 2300 W  cm2, however, as
the evaporative heat transfer area and the width of the peak in the
evaporating liquid film region for the hybrid groove are much
larger than those of the rectangular groove, the total evaporative
heat transfer rate and the average evaporative heat transfer coeffi-
cient in the evaporating liquid film region for the hybrid groove
are much larger than those of the rectangular groove, as detailed
in Sec. 5.3 below.
5.2 Heat Transfer Characteristics in the Meniscus
Region. Figures 11–14 show the variations of liquid film thick-
ness, liquid/vapor interface temperature, heat flux at the liquid/
vapor interface, and evaporative heat transfer coefficient in the
meniscus region, respectively, for both the rectangular groove and
the hybrid groove. According to Fig. 11, the liquid film thickness
in the meniscus region for the rectangular groove rises much
faster than that of the hybrid groove. In detail, the liquid film
thickness for the rectangular groove reaches its maximum value
of 0.139 mm when the distance reaches about 0.040 mm; while
the liquid film thickness for the hybrid groove reaches its maxi-
mum value of 0.077 mm when the distance reaches about
0.134 mm, i.e., the hybrid groove has a much larger evaporative
heat transfer area with a smaller liquid film thickness compared
with that of traditional rectangular groove, which contributes to
the promotion of the evaporative heat transfer performance con-
siderably. According to Fig. 12, at the beginning, the liquid/vapor
interface temperature drops sharply; then, it begins to drop slowly
for both the rectangular groove and the hybrid groove. Because
the liquid film thickness in the meniscus region for the rectangular
groove rises much faster than that of the hybrid groove, as shown
Fig. 13 Variation of heat flux in meniscus region
Fig. 14 Variation of heat transfer coefficient in meniscus
region
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in Fig. 11, the liquid/vapor interface temperature drops a litter
faster than that of the hybrid groove. Because the pressure differ-
ence between the liquid and vapor phases across the liquid/vapor
interface is almost constant, the variations of the heat flux at the
liquid/vapor interface and the evaporative heat transfer coefficient
as shown in Figs. 13 and 14, respectively, are similar to that of the
liquid/vapor interface temperature as shown in Fig. 12, which is
not repeated here.
5.3 Comparison of the Overall Heat Transfer
Characteristics. Figure 15 shows the heat transfer rate at the
evaporating liquid film region and the meniscus region, respec-
tively, for both the rectangular groove and the hybrid groove.
When the wall temperature and the saturated vapor temperature
are 303.5 K and 303.0 K, respectively, for the rectangular groove,
the heat transfer rate at the evaporating liquid film region and the
meniscus region are 0.41 W m1 and 0.81 W m1, respectively;
while for the hybrid groove, the heat transfer rate at the evaporat-
ing liquid film region and the meniscus region are 2.51 W m1
and 4.37 W m1, respectively. According to Fig. 15, for the same
temperature difference and meniscus curvature, the total heat
transfer rates for the rectangular groove and the hybrid groove are
1.22 W m1 and 6.88 W m1, respectively, i.e., the total heat
transfer rate for the hybrid groove is more than five times of that
of the rectangular groove, which indicates that this hybrid axial
groove has a much better evaporative heat transfer performance at
the evaporator section of the heat pipe than traditional rectangular
groove or “X”-shaped groove.
6 Conclusions
Heat pipe with hybrid axial groove is proposed in this paper,
and this hybrid axial groove is composed of a V-shaped channel
connected with a circular channel through a very narrow longitu-
dinal slot. During the operation, the V-shaped channel can provide
high capillary pressure to drive the fluid flow and still maintains a
large evaporative heat transfer coefficient; while the circular chan-
nel serves as the main path for the condensate at the condenser to
return to the evaporator with a much lower flow resistance, which
contributes to considerable enhancement of the heat transport
capability of the heat pipe.
Detailed mathematical model for the evaporative heat transfer
in both the evaporating liquid film region and the meniscus region
of a single groove has been established, and ammonia is selected
as the working fluid. The modeling results show that the hybrid
groove proposed in this paper has a much better evaporative heat
transfer performance than that of traditional rectangular groove,
because it not only has a smaller liquid film thickness but also a
much larger evaporative heat transfer area in both the evaporating
liquid film region and the meniscus region compared with that of
traditional rectangular groove.
This hybrid groove inherits the advantages of “X”-shaped
groove with a large heat transport capability, at the same time, it
has a much better evaporative heat transfer performance, which
contributes to the enhancement of the boiling limit.
Nomenclature
a ¼ coefficient, kg m2 s1 K1
b ¼ coefficient, s m1
h ¼ evaporative heat transfer coefficient, W m2 K1, depth, m
hfg ¼ latent heat of evaporation, J kg1
k ¼ conductivity, W m1 K1
K ¼ curvature, m1
L ¼ length, m
_m ¼ mass flow rate per unit area, kg m2 s1
M ¼ molecular weight, kg k mol1
P ¼ pressure, N m2
Pc ¼ capillary pressure, N m2
Q ¼ heat load, W
R ¼ universal gas constant, J k mol1 K1
r ¼ radius, m
T ¼ temperature, K
u ¼ velocity, m s1
u ¼ average velocity, m s1
Vl ¼ molar volume of liquid, m2 k mol1
w ¼ width, m
x ¼ coordinate, m
y ¼ coordinate, m
Greek Symbols
a ¼ angle
q ¼ density, kg m3
d ¼ liquid film thickness, m
l ¼ dynamic viscosity, N s m2
r ¼ surface tension, N m1






me ¼ meniscus, meniscus region






d ¼ liquid film free surface
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